Analysis of Turbulence Suppression in Sediment-laden Saline Currents  by Shringarpure, Mrugesh et al.
 Procedia Engineering  126 ( 2015 )  16 – 23 
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM)
doi: 10.1016/j.proeng.2015.11.170 
ScienceDirect
Available online at www.sciencedirect.com
7th International Conference on Fluid Mechanics, ICFM7
Analysis of turbulence suppression in sediment-laden saline currents
Mrugesh Shringarpurea,∗, Mariano I. Canterob, S. Balachandara
aUniversity of Florida,Gainesville, Florida, USA
bNational Council for Scientiﬁc and Technological Research, National Commission of Atomic Energy, and Institute Balseiro, San Carlos de
Bariloche, Rı´o Negro, Argentina
Abstract
The present work extends the results of Cantero et al.[1] and Shringarpure et al.[2] to the cases of sediment-laden saline currents.
The ﬂow is modeled as a channel ﬂow where the forcing is exerted by salinity and suspended sediments. The resulting set of
equations are solved by direct numerical simulation (DNS) for shear Reynolds number Reτ = 180. The DNS results show that by
increasing the forcing due salinity, the ﬂow can be held in a turbulent state whereby large sediment particles can be maintained in
suspension. Typically, such large sediment particles would not be able to sustain the ﬂow by themselves. The DNS results also
show that for large sediment loads there is a transition to total turbulence suppression. This transition is abrupt and is caused by
small changes in the sediment load. Here, salinity can be interpreted as a fraction of sediments that are ﬁne enough that their
settling velocity is negligible. Thus, the case of sediment-laden saline currents is physically equivalent to a simpliﬁed bi-disperse
model where the ﬁne sediments do not settle. Finally, this work shows that the original results by Cantero et al.[1] and Shringarpure
et al.[2] hold when they are reinterpreted under the light on an eﬀective settling velocity.
c© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Gravity currents are buoyancy driven ﬂows where the direction of ﬂow is predominantly orthogonal to the direc-
tion of gravity. There are several examples of such ﬂows in geophysical, environmental and industrial processes -
snow avalanches, dust storms, pyroclastic ﬂows, lava ﬂows, leakage of poisonous ﬂuid in the environment and dam
breaks are just some examples [3]. Typically, such ﬂows are extremely energetic and highly turbulent. In the ocean
environment they are responsible for transporting sediments over large distances [4,5,6].
In this work the primary focus is on sediment-laden saline currents. These ﬂows can be conceptualized as sub-
marine rivers that transport variety of dispersed matter in suspension to deep ocean [7]. Through their downstream
propagation, these currents can exhibit phases of strong erosion and deposition. Recurring occurrences of such cur-
rents are known to carve out diﬀerent topographies on the ocean ﬂoor. Some of the huge submarine canyons are
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testimony of the erosive nature of such currents [5]. When these currents are primarily driven by suspended sediments
they are know as turbidity currents.
Sediment-laden saline currents can have complex dynamics based on various factors like the amount of suspended
sediments, ocean bed topography, ambient entrainment at the top and sediment properties. Here, we restrict our atten-
tion to dilute ﬂows (volumetric concentration of suspended sediments is usually less that 1 %) so that turbulence in the
ﬂow is the sole mechanism responsible for entraining sediments from the bed and keeping them in suspension. Even
under such conditions, the suspended sediment particles are locked into a tight interplay with turbulence. The set-
tling tendency of sediments could lead to density stratiﬁcation which would strongly interact with the ﬂow turbulence
diminishing the ability of the current to erode sediments from the bed and to maintain the suspended load.
The interplay of turbulence and suspended sediment has been studied in Cantero et al.[8] by means of direct
numerical simulations (DNS). They modeled these currents as inclined channel ﬂows driven by the excess density
imposed by a mono-dispersed suspension of sediment. Cantero et al.[8] and Cantero et al.[9] reported complete
turbulence suppression when the settling velocity of sediments was greater than a critical value. Complete turbulence
suppression implies that the ﬂow has lost the capacity to keep the sediments in suspension [10]. In Shringarpure
et al.[2] the complete turbulence suppression process was analyzed in greater detail and a mechanism that causes
complete turbulence suppression in the ﬂow was proposed.
This mechanism of complete turbulence suppression is parameterized in Cantero et al.[1]. It is suggested that turbu-
lence suppression can be quantiﬁed by the parametric grouping RiτVz/u∗, which also represents the amount of energy
spent by turbulence to keep the settling sediments in suspension. Here Riτ is the shear Richardson number which
simpliﬁes to 1/ tan θ for a turbidity current where θ is the angle of the bed with respect to the horizontal direction, Vz
is the settling velocity of the suspended sediments in the direction normal to the bed, and u∗ is the shear velocity of
the ﬂow. Cantero et al.[1] propose that complete turbulence suppression will occur in a ﬂow corresponding to a super
critical value of RiτVz/u∗. Furthermore, it is noted that the critical value will depend on the shear Reynolds number
of the ﬂow (Reτ). Limited ﬁeld and experimental observations, and DNS results suggest a logarithmic dependence on
Reτ.
The present work extends the critical turbulence suppression criteria [1] to saline currents with additional suspended
sediments. The ﬂow and turbulence are thus driven by both salinity and suspended sediments, while stratiﬁcation is
only due to suspended sediments. We will investigate turbulence suppression in this context. Clearly, in the limit of no
suspended sediment turbulence will not be suppressed. Furthermore, since turbulence is partially driven by salinity,
the current could now carry sediments of large size and at larger volume fractions than what it could have in the
absence of salinity. The criterion for turbulence suppression can no longer depend only on the suspended sediments,
but also include the eﬀect of added salinity that drive the current. This new aspect is the focus of the present paper.
2. Problem formulation
This section describes the mathematical model for dilute sediment-laden saline currents driven in part by salinity
and a mono-disperse suspension of sediment. This mathematical model extends the mono-disperse model presented
in Cantero et al.[8] and [2]. See Figure 1 for a schematic representation of the mathematical model. Here we assume
that the mono-disperse suspension is dilute enough, sediment particle-particle collisions are unimportant and rheology
eﬀects can be neglected. The Equilibrium-Eulerian model is used to describe the dynamics of the ﬂow (see Ferry and
Balachandar[11] and Cantero et al.[12] for details on the Equilibrium-Eulerian model). Moreover, as a consequence of
dilute suspension, Boussinesq approximation is also employed. Following are the dimensionless governing equations
for such a ﬂow
∂u˜
∂t˜
+ u˜ · ∇u˜ = −∇ p˜ + 1
Reτ
∇2u˜ + (γ c˜ + γs) e , (1)
∇ · u˜ = 0 , (2)
∂c˜
∂t˜
+ (u˜ + V˜) · ∇c˜ = 1
Peτ
∇2c˜ . (3)
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In the above, (·˜) represents dimensionless variables, u˜ = (u˜, v˜, w˜) is the ﬂuid velocity, p˜ is the pressure, c˜ is the
volumetric concentration of sediment, e = (1, 0,−Riτ) and V˜ = {V˜x, 0,−V˜z} is the settling velocity of the sediment
particles. The form of the convection term in the concentration transport equation (3) implies that the sediment
particles have small response time and their inertia is of second order importance as compared to their settling [8,11,
12].
h
/3
h
h
Fig. 1. Schematic of the computational model
The dimensionless numbers in (1)-(3): the shear Reynolds number (Reτ), the shear Richardson number (Riτ), the
shear Pe´clet number (Peτ) and the remaining dimensionless parameters are deﬁned as
Reτ =
u∗h
ν
, Riτ =
gz h
(
RC(v) + Δρs/ρw
)
u2∗
=
1
tan θ
, Peτ =
u∗h
κ
,
γ =
RC(v)
Δρs/ρw + RC(v)
and γs =
Δρs/ρw
Δρs/ρw + RC(v)
. (4)
Here, ν is the kinematic viscosity, ρw is the density of fresh water, Δρs is the density excess by salinity, κ is the
diﬀusivity of sediments,
C(v) =
1
h
∫ h
0
c¯ dz, and R =
ρp − (ρw + Δρs)
ρw
. (5)
where c¯ is horizontal averaged normalized concentration. It should be noted that sediment diﬀusivity is not due
to brownian motion of sediment particles, but due to the long range hydrodynamic forces mediated through the
continuous phase due to random ﬂuctuations in the particle number density [13,14]. This diﬀusive term also acts
as a mechanism to erode or entrain sediments from the bed [15].
In deﬁning the dimensionless variables, the friction velocity
u2∗ =
τb
ρw
= gx h
(
RC(v) + Δρs/ρw
)
, (6)
the height of the channel Lz = h and the volume concentration of sediment C(v) have been used. Time and pressure
scales are derived scales as h/u∗ and ρw u2∗, respectively.
The channel streamwise and spanwise lengths are Lx = 4πh and Ly = 4πh/3, respectively. The channel is assumed
to be periodic in the streamwise and spanwise directions. No-slip boundary condition is imposed on the bottom
boundary, and the top boundary imposes no-stress condition. For the sediment, bottom and top boundary of the
channel imposes zero net ﬂux of sediment concentration by enforcing the local settling ﬂux of sediments to balance
the local sediment concentration gradient. All the above boundary conditions can be mathematically expressed as
follows
u˜ = 0 at z˜ = 0 , (7)
∂u˜
∂z˜
= 0,
∂v˜
∂z˜
= 0 and w˜ = 0 at z˜ = 1 , (8)
−c˜ V˜z = 1Peτ
∂c˜
∂z˜
at z˜ = 0 and z˜ = 1 . (9)
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The ﬂow modeled in this work is driven by the excess density imposed by salinity (γs) and suspended sediment
(γc˜). Notice, however, that salinity will have no stratiﬁcation and thus will not induce turbulence damping. On the
other hand, due to their settling tendency, sediment particles will skew the driving force close to the bed and will
stratify the ﬂow in the bed-normal direction. Therefore, for the ﬂows modeled in this work, the sediment is solely
responsible for inducing turbulence damping eﬀects. This eﬀect is embodied by the term Riτγ c˜ in the wall-normal
momentum equation. This work addresses systematically the inﬂuence of γ on turbulence. While the total forcing of
the ﬂow is maintained (γ + γs = 1), by changing the fraction of forcing that modiﬁes turbulence through stratiﬁcation
(γ) we explore turbulence suppression.
2.1. Selection of parameters
In this work, the inclination of channel is ﬁxed at θ = 5◦, that is Riτ = 11.43. This value is selected as it lies
well within the range of inclination observed for the continental slope on the ocean ﬂoor (its range is 1◦ to 10◦, see
Pinet[16]). Also θ = 5◦ was the inclination used in the previous DNS simulations [1,2,8]. Shear Reynolds and Pe´clet
numbers have been set to Reτ = Peτ = 180 [2,8].
Previous direct numerical simulations of the body of a turbidity current [2,8] at same values of Reτ and Riτ have
shown that if |V˜| < |V˜critical| stratiﬁcation eﬀect is not strong enough to greatly alter the level of turbulence. These ﬂows
are driven only by suspended sediments and a critical sediment settling velocity, |V˜critical|, is observed which when
crossed resulted in total suppression of turbulence. In the presence of added salinity driving the ﬂow, we can anticipate
the critical settling velocity for turbulence suppression to be larger. Thus, in the present problem of sediment-laden
saline currents the mechanism of turbulence suppression by changes in the sediment load is only of interest when
|V˜| > |V˜critical|. In this case there exist a critical value of γs below which stratiﬁcation eﬀects due to sediments
become strong enough to cause complete turbulence suppression. Note that for the case of γs = 1 there would be no
stratiﬁcation eﬀects. We have performed DNS of the ﬂow for three sets under diﬀerent conditions. For every set V˜ is
held ﬁxed and γs is varied to obtain its critical value below which there is complete turbulence suppression in the ﬂow.
We have employed |V˜| = 0.0275, 0.035 and 0.05 in set A, B and C, respectively. The details of all the simulations are
given in Table 1.
3. Numerical method
The dimensionless governing equations (1)-(3) are solved using a dealiased pseudo-spectral code [17]. The ﬂow
variables are approximated by Fourier expansions in the direction tangential to the bed (x˜ − y˜) and by Chebychev
expansions in the bed-normal direction (z˜). Momentum equation along with the incompressibility criteria is solved by
a splitting method. A low-storage mixed third order Runge-Kutta and Crank-Nicolson scheme is used for temporal
discretization of advection and diﬀusion terms. This scheme is carried out in three stages with pressure correction
at the end of each stage. Refer to Cortese and Balachandar[18] for complete details on the implementation of the
scheme. The grid resolution of (Nx,Ny,Nz) = (96, 96, 97) is used and it is found to be suﬃcient for the Reynolds
number selected in this study [2,8]. Averaged values are indicated by an overbar and computed by time integration
over 50 dimensionless time units [2].
4. Results
In sediment-laden saline currents the extent of stratiﬁcation depends on the relative magnitude of the settling
tendency of sediments and turbulent mixing in the ﬂow. Since the suspended sediments are also responsible for
driving the ﬂow, there is tight interplay between stratiﬁcation and turbulence modulation by sediment. The volumetric
concentration of sediment will impose a body force on the current. The streamwise component will contribute towards
generating turbulence, while the bed-normal component will contribute towards stratifying the ﬂow. Thus, if the net
stratiﬁcation is weak the current remains active and turbulence is sustained, otherwise, strong stratiﬁcation can lead to
complete turbulence suppression and the ﬂow will cease to carry suspended sediment.
DNS are performed for three sets (A, B and C) where the settling velocity of sediments is ﬁxed (0.0275, 0.035 and
0.05) and the proportion of salinity to sediment forcing is varied. In each set we start with a suspension mainly driven
20   Mrugesh Shringarpure et al. /  Procedia Engineering  126 ( 2015 )  16 – 23 
Table 1. List of simulations : γs refers to the forcing fraction by salinity and γ = 1 − γs is the forcing fraction by sediments. u˜b is the bulk
streamwise velocity, ¯˜ut is the maximum mean streamwise velocity, c˜b and c˜t are the concentration of sediments at the bed and at the top boundary
of the channel, respectively. The abbreviation CTS stands for complete turbulence suppression.
case |V˜| γs γ u˜b ¯˜ut c˜b c˜t State
1A 0.0275 0.75 0.25 15.91 18.96 1.167 0.90 Turbulent
2A 0.0275 0.50 0.50 16.59 20.07 1.371 0.776 Turbulent
3A 0.0275 0.30 0.70 17.19 21.07 1.572 0.644 Turbulent
4A 0.0275 0.125 0.875 17.88 22.15 1.799 0.499 Turbulent
5A 0.0275 0.06 0.94 18.23 22.65 1.911 0.437 Turbulent
6A 0.0275 0.04 0.96 18.41 22.91 1.951 0.415 Turbulent
1B 0.035 0.75 0.25 16.06 19.22 1.232 0.881 Turbulent
2B 0.035 0.50 0.50 16.88 20.60 1.540 0.717 Turbulent
3B 0.035 0.45 0.55 17.19 21.08 1.609 0.676 Turbulent
4B 0.035 0.30 0.70 17.78 22.28 1.880 0.546 Turbulent
5B 0.035 0.26 0.74 18.35 22.76 1.988 0.507 Turbulent
6B 0.035 0.24 0.76 18.44 22.90 2.027 0.4877 Turbulent
7B 0.035 0.235 0.765 30.63 39.96 5.036 0.244 CTS
1C 0.05 0.75 0.25 16.48 19.84 1.402 0.8422 Turbulent
2C 0.05 0.60 0.40 17.32 21.18 1.741 0.720 Turbulent
3C 0.05 0.55 0.45 17.75 21.77 1.895 0.673 Turbulent
4C 0.05 0.50 0.50 18.15 22.40 2.065 0.622 Turbulent
5C 0.05 0.475 0.525 18.44 22.81 2.168 0.597 Turbulent
6C 0.05 0.469 0.531 18.51 22.90 2.198 0.593 Turbulent
7C 0.05 0.46 0.54 35.38 49.33 5.302 0.466 CTS
by salinity (γs ≈ 1) which keeps the stratiﬁcation eﬀects to zero. In subsequent cases, the forcing due to sediments
is increased at the expense of salinity forcing. Thus we increase the stratiﬁcation eﬀect in the ﬂow while keeping
the total forcing constant. Eventually, a critical composition is reached so that even a small increase in the amount
of sediments will result in complete turbulence suppression. The critical suspension lies between cases 6A and 7A
for set A, 6B and 7B for set B and 6C and 7C for set C. Complete details of all the simulations are listed in Table 1.
The value γs = 1 implies that the current is driven by a uniform forcing due to salinity. The case γs = 1 is used as a
reference to compare the stratiﬁcation eﬀects of diﬀerent suspensions.
Figure 2 (a) presents the sediment concentration proﬁles in the bed-normal direction for cases 1B, 3B, 6B, 7B.
From case 1B to 7B, the amount of sediments in the suspension is progressively increased. The concentration at the
bed increases from 1.232 for case 1B to 5.036 for case 7B. Similarly, the concentration gradient near the bed increases
from case 1B to case 7B. Observe that from case 6B to case 7B there is a sudden change in the concentration proﬁle.
In case 7B most of the sediments are now concentrated close to the bed indicating loss in the mixing ability of the ﬂow.
Also shown in the ﬁgure are square symbols that represent the laminar solution [2] corresponding to the parameters
of case 7B. The results indicate that complete turbulence suppression has occurred in case 7B.
Mean velocity proﬁles shown in Figure 2(b) also tell a similar story. From case 1B to 7B as the stratiﬁcation
increases it inhibits the vertical exchange of momentum and, as a consequence, the mean streamwise velocity. Similar
to the concentration proﬁles, a substantial change in the ¯˜u proﬁles is seen from case 6B to 7B. There is an abrupt jump
in the bulk velocity and the maximum streamwise velocity from case 6B to case 7B.
Figure 3(a) presents the Reynolds stress (u˜′w˜′) proﬁles of diﬀerent cases from set B. Reynolds stress modulations
are an indication of turbulence suppression and hence it represents the stratiﬁcation eﬀect on the ﬂow. Reynolds stress
proﬁles show slight damping as γs decreases from 0.75 for case 1B to 0.24 for case 6B. Beyond case 6B, even a slight
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Fig. 2. (a) Mean concentration and (b) mean streamwise velocity proﬁles of cases from set B. Refer to Table 1 for details.
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Fig. 3. (a) Reynolds stress and (b) Reynolds ﬂux proﬁles of some of the cases from set B. Refer to Table 1 for details.
drop in γs to 0.235 (case 7B) causes abrupt and complete suppression of Reynolds stress in the ﬂow. Figure 3(b) shows
the proﬁles of ratio of Reynolds ﬂux (w˜′c˜′) to settling ﬂux V˜z ¯˜c for diﬀerent cases from set B. Since Reynolds ﬂux is a
measure of turbulent mixing in the bed-normal direction, the ratio of Reynolds ﬂux to settling ﬂux represents the bed-
normal mixing ability of the ﬂow. Similar to Reynolds stress proﬁles, we observe that from case 1B to case 6B only
slight damping is seen in the mixing ability of the ﬂow. But, beyond case 6B there complete loss of the mixing ability
of the ﬂow. In summary, all of the above turbulence statistics reveal that complete turbulence suppression occurs
when γs is reduced from 0.24 to 0.235. This implies that at Reτ = 180 and slope θ = 5◦, to transport sediments with
V˜ = 0.035, salinity needs to make up at least 24 % of the total ﬂow forcing. Similar observations can be made from
the other two sets, A and C. This is the underlying principle that gives gravity currents that are driven by salinity, or
equivalently very ﬁne sediments, the ability to transport large sediment sizes, which could not be carried in suspension
otherwise.
4.1. Complete turbulence suppression criteria for sediment-laden saline currents
Cantero et al.[1] propose that turbulence damping can be quantiﬁed by the parametric grouping RiτV˜z for a turbidity
current driven by a mono-disperse suspension. In addition, it was also shown that the abrupt and complete turbulence
suppression occurs when the parametric grouping RiτV˜z increases beyond a critical value. Cantero et al.[1] also
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proposes that the critical value for RiτV˜z has a logarithmic dependence on Reτ. A similar analysis can be done for
the case of a sediment-laden saline current and a similar parametric grouping can be given to quantify turbulence
damping. Furthermore, it is also shown that a critical value for this parametric grouping exist that is similar to the
previous mono-disperse case.
Turbulent kinetic energy (TKE) equation for a sediment-laden saline current when the ﬂow is in statistically steady
state is given below
P˜ − 
˜ − d
dz˜
[
w˜′ p˜′ + k˜w˜′ − 1
Reτ
dk˜
dz˜
]
= −γ u˜′c˜′ + γRiτw˜′c˜′ (10)
where TKE k˜, TKE production P˜ and TKE dissipation 
˜ are expressed as
k˜ =
u˜′i u˜
′
i
2
, P˜ = −u˜′w˜′ d ¯˜u
dz˜
and 
˜ =
1
Reτ
∂u˜′i
∂x˜ j
∂u˜′i
∂x˜ j
. (11)
The TKE equation (10) can now be integrated in the bed-normal direction (z˜) to the get the global balance.
P˜ − E˜ + 1
Reτ
⎧⎪⎪⎨⎪⎪⎩
[
dk˜
dz˜
]1
0
+ Riτζ
⎫⎪⎪⎬⎪⎪⎭ = β + γRiτV˜z (12)
where
P˜ =
∫ h˜
0
P˜dz˜, E˜ =
∫ h˜
0

˜dz˜, β = −γ
∫ h˜
0
u˜′c˜′cdz˜, and ζ = γ
¯˜ccb − ¯˜cct
Peτ/Reτ
.
Terms on the right hand side of (12) quantify turbulence damping due to suspended sediments. As expected, the
turbulence damping eﬀects are only due to sediments. Table 2 presents the TKE budget of cases that are closest to
the critical turbulence damping limit for each of the sets A, B and C. Also presented in the table is the TKE budget of
case 5 from [2]. Case 5 represents the critical turbulence damping limit for turbidity currents solely driven by a mono
disperse mixture of sediment. Notice that the TKE budget of all the cases show striking agreement. This means that at
the critical state the bulk TKE production (P˜), bulk TKE dissipation (E˜) and bulk TKE damping terms β and γRiτV˜z
are insensitive to the composition of the mixture. Furthermore, an eﬀective settling velocity V˜e f f = γV˜ can be deﬁned
for cases 6A, 6B, 6C and this value closely matches with the mono disperse turbidity current case 5. From these
observations it can be concluded that the criteria for complete turbulence suppression for currents driven by mono
disperse suspensions holds for sediment-laden saline currents. An implication of this is that the scaling relations for
the turbulence suppression criteria developed in Cantero et al.[1] should also hold for sediment-laden saline currents
RiτV˜e f f z|crit = 0.041 ln(Reτ) + 0.11. (13)
Table 2. Turbulent kinetic energy budget for all the critical cases from the present study.
case |V˜| γs P˜ E˜ β RiτγVz Riτζ/Reτ γVz
6A 0.0275 0.04 6.534 6.179 0.113 0.302 0.0978 0.0264
6B 0.035 0.24 6.598 6.237 0.117 0.304 0.0977 0.0266
6C 0.05 0.469 6.516 6.162 0.113 0.303 0.1019 0.0266
5 0.026 1.0 6.590 6.230 0.117 0.296 0.0958 0.0260
5. Conclusion and discussion
The present work extends the results of Cantero et al.[1] and Shringarpure et al.[2] to the cases of sediment-
laden saline currents where the forcing is done by salinity and suspended sediments. Our DNS results show that by
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increasing the forcing by salinity the ﬂow can be held in a turbulent state where it is able to maintain large sediments
in suspension. Large sediments refer to sediments that would not be able to sustain the ﬂow by themselves. The DNS
results also show that the transition to total turbulence suppression is abrupt with changes of the total sediment load
(γ).
Salinity can be also interpreted as a fraction of sediment that is ﬁne enough that its settling velocity is negligible.
Thus, the case of sediment-laden saline currents is a simpliﬁed bi-disperse model where the ﬁne sediments do not
settle. Our results thus show that turbidity currents could transport coarse sediments in suspension as long as the
mixture has suﬃcient quantity of ﬁne sediments to sustain turbulence. This is the underlying mechanism by which
real turbidity currents derive their ability to transport in suspension large/heavy sediments for long distances.
The turbulence suppression criteria proposed by Cantero et al.[1] has been extended to the case of sediment-laden
saline currents. The original criteria can be directly applied to the ﬂows studied in this work by employing an eﬀective
settling velocity V˜e f f = γV˜.
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